In this work, we study the four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) of the Σ → n in the framework of the light-cone QCD sum rules approach up to twist-6 three valence quark light-cone distribution amplitudes. The f 1 (0) is the basic input parameter in extracting the CKM matrix element |V us | from the hyperon decays. The four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) at intermediate and large momentum transfers with Q 2 > 3GeV 2 have significant contributions from the end-point (soft) terms. The numerical values of the four form-factors f 1 (0), f 2 (0), g 1 (0) and g 2 (0) are compatible with the experimental data and theoretical calculations (in magnitude); although the uncertainties are large.
Introduction
Semileptonic decays K → πℓν (K ℓ3 ) provide the most precise determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V us | [1] . The experimental input parameters are the semileptonic decay widths and the vector form-factors f + Kπ (q 2 ) and f − Kπ (q 2 ), which are necessary in calculating the phase space integrals. The main uncertainty in the quantity |V us f + Kπ (0)| comes from the unknown shape of the hadronic form-factor f + Kπ (q 2 ), which is measurable at m
in the K ℓ3 decays or (m K + m π ) 2 < q 2 < m 2 τ in the τ → Kπν decays. Another way to extract the |V us | is provided by the hyperon semileptonic decays, it is possible to extract the quantity |V us f 1 (0)| at the percent level from the hyperon experiments [2] , where the f 1 (0) is the vector form-factor at zero-momentum transfer. The AdemolloGatto theorem protects the f 1 (0) from the first-order SU(3)-breaking corrections [3] , while the second-order corrections are badly known. There exist several model dependent estimates for the f 1 (0), for examples, quark models [4] , large-N c [5] and chiral expansions [6] ; however, the values disagree with each other. The axial-vector form-factor g 1 (0) is not protected by the Ademollo-Gatto theorem, and it suffers from the first-order SU(3) breaking corrections. The SU(3) symmetry implies a vanishing "weak-electricity" form-factor g 2 (Q 2 ), because charge conjugation does not allow a C-odd term g 2 (Q 2 ) in the matrix elements of the neutral axial-vector currents A 3 µ and A 8 µ , which are C-even.
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In our previously work, we study the vector form-factors f + Kπ (q 2 ) and f − Kπ (q 2 ) with the light-cone QCD sum rules (LCSR), and obtain satisfactory results [7] . In this article, we calculate the four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) of the Σ → n in the framework of the LCSR approach [8, 9] , which combine the standard techniques of the QCD sum rules with the conventional parton distribution amplitudes describing the hard exclusive processes [10] . In the LCSR approach, the short-distance operator product expansion with the vacuum condensates of increasing dimensions is replaced by the light-cone expansion with the distribution amplitudes (which correspond to the sum of an infinite series of operators with the same twist) of increasing twists to parameterize the non-perturbative QCD vacuum. The higher twists light-cone distribution amplitudes of the baryons were not available until recently [11] , then the LCSRs were applied to study the form-factors of the nucleons [12, 13, 14] and the weak decays [15] .
The article is arranged as: in Section 2, we derive the analytical expressions of the four form-factors
and g 2 (Q 2 ) with the light-cone QCD sum rules approach; in Section 3, the numerical results and discussions; and in Section 4, conclusion.
) with light-cone QCD sum rules
In the following, we write down the two-point correlation function Π µ (P, q) in the framework of the LCSR approach,
with the chiral current
and the Ioffe current for the Σ baryon [16] 
here the λ Σ is the coupling constant of the Σ baryon. There are two independent interpolating currents with the spin- and isospin-1, both are expected to excite the ground state Σ baryon from the vacuum, the general form of the Σ current can be written as [17] 
in the limit t = −1, the Ioffe current is recovered, we can take the t as a free parameter and select the ideal value with the QCD sum rules approach, here we prefer the Ioffe current η(x) to keep in consistent with the QCD sum rules used in determining the parameters in the light-cone distribution amplitudes. We can also choose the Chernyak-Zhitnitsky type current to interpolate the Σ baryon [18] η
where the z µ is a light-cone four-vector, the currents of this type have non-vanishing couplings to both the spin- baryon states, it is difficult to separate the contribution of the spin- 3 2 state.
At the large Euclidean momenta P ′ 2 = (P + q) 2 and q 2 = −Q 2 , the correlation function Π µ (P, q) can be calculated in perturbation theory. In calculation, we need the following light-cone expanded quark propagator [19] ,
where
is the gluon field strength tensor. The contributions proportional to the G µν can give rise to four-particle (and five-particle) nucleon distribution amplitudes with a gluon (or quark-antiquark pair) in addition to the three valence quarks, their corrections are usually not expected to play any significant roles [20] and neglected here [12, 13, 15] . In the parton model, at large momentum transfers, the electromagnetic and weak currents interact with the almost free partons in the nucleons. Employ the "free" light-cone quark propagator in the correlation function Π µ (P, q), we obtain
In the light-cone limit x 2 → 0, the remaining three-quark operator sandwiched between the neutron state |P and the vacuum can be written in terms of the nucleon distribution amplitudes [11, 18, 21] . The three valence quark components of the nucleon distribution amplitudes are defined by the matrix element,
The calligraphic distribution amplitudes do not have definite twist and can be related to the ones with definite twist as
for the vector distribution amplitudes. The light-cone distribution amplitudes F = V i can be represented as
The distribution amplitudes are scale dependent and can be expanded with the operators of increasing conformal spin, we write down the explicit expressions for the V i up to the next-to-leading conformal spin accuracy in the appendix [11] . The V 1 is the leading twist-3 distribution amplitude; the V 2 and V 3 are the twist-4 distribution amplitudes; the V 4 and V 5 are the twist-5 distribution amplitudes; while the twist-6 distribution amplitude is the V 6 . The parameters φ
in the light-cone distribution amplitudes V i can be expressed in terms of eight independent matrix elements of the local operators with the parameters
and f u 1 , the three parameters f N , λ 1 and λ 2 are related to the leading order (or S-wave) contributions of the conformal spin expansion, the remaining five parameters
and f u 1 are related to the next-to-leading order (or P -wave) contributions of the conformal spin expansion; the explicit expressions are given in the appendix; for the details, one can consult Ref. [11] .
Taking into account the three valence quark light-cone distribution amplitudes up to twist-6 and performing the integration over the x in the coordinate space, finally we obtain the following results,
here the
According to the basic assumption of current-hadron duality in the QCD sum rules approach [10] , we insert a complete series of intermediate states satisfying the unitarity principle with the same quantum numbers as the current operator η(0) into the correlation function in Eq.(1) to obtain the hadronic representation. After isolating the pole term of the lowest Σ state, we obtain the following result,
here we have used the definition,
Here we choose the light-cone
, respectively. The Borel transformation and the continuum states subtraction can be performed by using the following substitution rules,
Matching the hadronic representations and the corresponding representations at the level of the quark-gluons degrees of freedom below the threshold s 0 , we obtain the sum rules for the four form-factors
In the chiral limit m s → 0, the
Numerical results and discussions
The input parameters have to be specified before the numerical analysis. We choose the suitable range for the Borel parameter M B , 2.0GeV 2 < M 2 B < 3.0GeV 2 . In this range, the Borel parameter M B is small enough to warrant the higher mass resonances and continuum states are suppressed sufficiently, on the other hand, it is large enough to warrant the convergence of the light-cone expansion with increasing twists in the perturbative QCD calculation [16] . The numerical results indicate that in this range the four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) are almost independent on the Borel parameter M B , in this article, we choose the special value M 2 B = 2.5GeV 2 for simplicity. We choose the standard value for the threshold parameter s 0 , s 0 = 3.2GeV 2 , to subtract the contributions from the higher resonances and continuum states [22] ; it is large enough to take into account all contributions from the Σ baryon. For Q 2 > 3GeV 2 , x ≥ x 0 ≥ 0.5, with the intermediate and large space-like momentum Q 2 , the end-point (soft) contributions (or the Feynman mechanism) are dominant, it is consistent with the growing consensus that the onset of the perturbative QCD region in exclusive processes is postponed to very large energy scales. We perform the operator product expansion at the regions Q 2 ≫ 0 and (q + P ) ≪ 0, and obtain the sum rules in Eqs. (11) (12) (13) (14) , the form-factors f 1 (Q 2 ), g 1 (Q 2 ), f 2 (Q 2 ) and g 2 (Q 2 ) make sense at the regions, for example, Q 2 > 3GeV 2 , with low momentum transfers, the operator product expansion is questionable. We extrapolate the values of the Q 2 to zero, the functions f 1 (Q 2 ), g 1 (Q 2 ), f 2 (Q 2 ) and g 2 (Q 2 ) happen have rather good behavior at lower momentum transfers 2 .
The mass of the s quark is chosen to be m s = 140MeV at the energy scale µ = 1GeV . In the absence of second class currents [25] the form-factor g 2 (Q 2 ) vanishes in the SU(3) symmetry limit. The neutral currents A 3 µ and A 8 µ belong to the same octet as the weak axial currents are even under charge conjugation, their matrix elements cannot contain a weak-electricity term, which is C-odd. The vanishing of the weak electricity in the proton and neutron matrix elements of the A 3 µ , A 8 µ implies the vanishing of the g 2 (0) in the SU(3) symmetry limit. As the current masses of the u and d quarks are very small, the SU(3) symmetry breaking effects can be taken into account by the non-vanishing m s . In calculation, we observe that central value g χ 2 (0) = 2.31 in the chiral limit, the inclusion of the terms proportional to the m s can not change the result drastically, g 2 (0) = 1.92.
The parameters in the light-cone distribution amplitudes φ
are scale dependent and can be calculated with the corresponding QCD sum rules. They are functions of eight independent parameters f N , λ 1 ,
, the three parameters f N , λ 1 and λ 2 are related to the leading order (or S-wave) contributions in the conformal spin expansion, the remaining five parameters
and f u 1 are related to the next-to-leading order (or P -wave) contributions in the conformal spin expansion; the explicit expressions are presented in the appendix, for detailed and systematic studies about this subject, one can consult Ref. [11] . Here we take the values at the energy scale µ = 1GeV and neglect the evolution with the energy scale µ for simplicity, the values of the eight independent parameters are taken as f N = (5.0 ± 0.5) × 10 [14] . In estimating those coefficients with the QCD sum rules, only the first few moments are taken into account, the values are the value of the f γ * π 0 (0) is fixed by the partial conservation of the axial current and the effective anomaly lagrangian, f γ * π 0 (0) = 1 πfπ , in the limit large-Q 2 , the perturbative QCD predicts that
can reproduce both the value of Q 2 = 0 and the behavior of large-Q 2 , the energy scale s 0 (s 0 = 4π 2 f 2 π ≈ 0.67 GeV 2 ) is numerically close to the squared mass of the ρ meson, m 2 ρ ≈ 0.6 GeV 2 . The Brodsky-Lepage interpolation formula is similar to the result of the vector meson dominance,
In the vector meson dominance approach, the calculation is performed at the time-like energy scale q 2 < 1GeV 2 and the electromagnetic current is saturated by the vector meson ρ, where the mass m ρ serves as a parameter determining the pion charge radius. With a slight modification of the mass parameter, m ρ = Λ π = 776M eV , the experimental data can be well described by the single-pole formula at the interval Q 2 = (0 − 10)GeV 2 [24] . In this article, the four form-factors have satisfactory behaviors at large Q 2 which are expected by the naive power counting rules and have finite values at Q 2 = 0, the analytical expressions
and g 2 (Q 2 ) can be taken as some Brodsky-Lepage type interpolation formulaes, although they are calculated at rather large Q 2 , the extrapolation to the lower energy transfers has no solid theoretical foundation. not very accurate. In the limit Q 2 → ∞, the five parameters related to the lightcone distribution amplitudes with the P -wave conformal spin take the asymptotic values f . In numerical analysis, we observe that the form-factors f 1 (Q 2 ) and g 1 (Q 2 ) are sensitive to the parameter λ 1 , small variations of the parameter can lead to large changes of the values, the form-factors f 2 (Q 2 ) and g 2 (Q 2 ) are sensitive to the three parameters f N , λ 1 and f d 1 , small variations of those parameters can lead to relatively large changes of the values. The large uncertainties can impair the predictive ability of the sum rules, the parameters λ 1 , f d 1 and f N should be refined to make robust predictions, in Refs. [13] 3 , we observe that the scalar form-factor of the nucleon is sensitive to the four parameters λ 1 , f 
2 are plotted in the Fig.1 . The central values of the four form-factors can be approximately fitted into the double-pole formula,
here the F (Q 2 ) stand for the 
we can see that they are compatible with the experimental data and theoretical estimations (in magnitude), f 2 (0)/f 1 (0) = −1.71 ± 0.12 ± 0.23 (experimental data) [27] ; g 1 (0)/f 1 (0) = −0.340 ± 0.017 (theoretical estimation) [2] ; f 1 (0) = −0.988 ± 0.029 ± 0.040, g 1 (0)/f 1 (0) = −0.287 ± 0.052, f 2 (0)/f 1 (0) = −1.52 ± 0.81, g 2 (0)/f 1 (0) = 0.63 ± 0.26 (lattice simulation) [28] . Here the c , asp and χ stand for the cental values, the asymptotic values and the values in the chiral limit, respectively. The discrepancy may be due to the perturbative α s corrections, additional valence gluons and quark-antiquark pairs. The consistent and complete LCSR analysis should take into account the contributions from the perturbative α s corrections, the distribution amplitudes with additional valence gluons and quark-antiquark pairs, and improve the parameters which enter in the LCSRs.
Conclusion
In this work, we calculate the four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) of the Σ → n in the framework of the LCSR approach up to twist-6 three valence quark light-cone distribution amplitudes. The f 1 (0) is the basic input parameter in extracting the CKM matrix element |V us | from the hyperon decays. The four form-factors f 1 (Q 2 ), f 2 (Q 2 ), g 1 (Q 2 ) and g 2 (Q 2 ) at intermediate and large momentum transfers with Q 2 > 3GeV 2 have significant contributions from the end-point (soft) terms. The form-factors f 1 (Q 2 ) and g 1 (Q 2 ) are sensitive to the parameter λ 1 , small variations of the parameter can lead to large changes of the values, the form-factors f 2 (Q 2 ) and g 2 (Q 2 ) are sensitive to the three parameters f N , λ 1 and f d the parameters λ 1 , f N and f d 1 should be refined to make robust predictions. The numerical values of the four form-factors f 1 (0), f 2 (0), g 1 (0) and g 2 (0) are compatible with the experimental data and theoretical calculations (in magnitude). The consistent and complete LCSR analysis should take into account the contributions from the perturbative α s corrections, the distribution amplitudes with additional valence gluons and quark-antiquark pairs, and improve the parameters which enter in the LCSRs.
